The tight-binding type theory for cleaved alloys by Bennemann et al. has been extended to include the effects of the random transfer integrals (off-diagonal disorder). The chemisorption and segregation behavior of cleaved alloys is investigated in detail including both the diagonal and off-diagonal disorder. I t is demonstrated th at the effects of the off-diagonal disorder are very important for the electronic properties of cleaved alloys. The theory has further been used to study the electronic structure of metal surfaces with substitutional disorder as well as to inves tigate the changes in the density of states due to the order-disorder phase transition in chemisorbed layers.
Introduction
An understanding of the surface of transition metal alloys is of great importance in relation to catalysis by alloys, corrosion and segregation phenomena. Indeed it is known that some transition metal alloys (e.g. CuNi) exhibit catalytic behavior with interesting technical applications [1, 2] . Atomic segregation phenomena at the surface have been observed on many transition metal alloys such as PdAg, PdAu, NiCu, NiAu, PtAg [3 -8] , and ZrFe [9] alloys. In order to understand these inter esting experimental findings from a theoretical point of view, it is desirable to develop a microscopic electronic theory for treating d-electrons near the surface.
So far, however, only a few theories * have been presented for treating d-electrons at the surface of transition metal alloys, and the above mentioned surface phenomena have not been fully discussed. Bennemann and his co-workers [1 1 -1 3 ] have developed a tight-binding type theory for d-electrons at the surface of transition metal alloys. The electron scattering due to the atomic disorder (only the diagonal disorder) is treated by using the con tinued fraction method. Desjonqueres and CyrotLackmann [14] have presented the more elaborate moment theory for the electronic structure of cleaved alloys: The electronic density of states of bulk and cleaved binary alloys is determined through a tight-binding model, using a continued * The first electronic theory for cleaved alloys is Berk's CPA theory [10] . However, the continued fraction tech nique mentioned below is more appropriate to treat cleaved alloys. fraction technique and a computer simulation on clusters of several thousands of atoms. In general, one can obtain with these two methods essentially the same results for the electronic structure [12] . In this respect, the former theory does have the virtue of being simple for numerical calculations.
It is the purpose of the present paper to extend the tight-binding type theory for cleaved alloys by Bennemann et al. to include the effects of the random transfer integrals (off-diagonal disorder) between nearest neighbours. It is quite desirable to include the off-diagonal disorder in an alloy theory so as to permit a study of alloys of materials having different bandwidth. It is to be noted that the pure components of real alloys have always different band structures and random off-diagonal elements occure in the alloy Hamiltonian. The formal theory for cleaved alloys with both diagonal and offdiagonal disorder is presented in Sect. 2 and numerical results on electronic structures are given in Section 3. The chemisorption and segregation behavior of cleaved alloys is investigated in Sect. 4 and Sect. 5, respectively, including both diagonal and off-diagonal disorder.
Furthermore, we present some of the applications of the present theory: In Appendix A, we study the electronic structure of cleaved metals with sub stitutional disorder (both diagonal and off-diagonal disorder) in the surface layer (referred to as system A). This calculation is useful when studying the surface segregation of dilute alloys [15] [16] . In Appendix B, we further investigate the changes in the electronic density of states due to the order disorder phase transition in chemisorbed layers (system B). These studies have been motivated by the following considerations: The Green's function theory of the Kalkstein-Soven type [17] [18] [19] [20] is probably incapable of treating system A when the off-diagonal disorder is introduced in the surface layer and is only applicable to system B wrhen the order parameter rj is one (complete order case) or zero (complete disorder case).
Tight-Binding Theory for Cleaved Alloys
We describe the d-electrons in a transition metal alloy by the usual tight-binding Hamiltonian and use the well known s-band approximation with five independent s-orbitals per atom : Gu
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Numerical Results for the Electronic Density of States of Cleaved Alloys
In this section we present the electronic density of states for the cleaved alloys with both the diagonal and off-diagonal disorders. In particular, we have considered the following two cases in our numerical examples; (a) (100) cleaved simple cubic (sc) lattice, and (b) (100) cleaved face centered cubic (fee) lattice, with parameter values appro priate for CuNi or AgPd alloys. Though the present method is capable of treating the general offdiagonal disorder, we restrict ourselves in the present numerical calculations to two types of the off-diagonal disorders; one is the Shiba-type offdiagonal disorder and the other is the additive-type off-diagonal disorder (Tab = (Taa~\~ T bb)/2 ).
(100) Cleaved Simple Cubic Lattice
Assuming the additive-type off-diagonal disorder, we have numerically evaluated the electronic density of states for the simple cubic alloy with (100) surface. In this case, Zo = 4 and Zi = l, and the eighteen coupled equations for the self-energies (Eqs. (10) The bottom curve of the set in Fig. 1 ((a) and (b) ) illustrates the average electronic density of states of an alloy for which the pure host (A) band is three times wider than, and overlaps, the pure solute (B) band. As we move up through the set of curves, the host band narrows while the solute band broadens. In each case, the host (A) band is centered above the solute band center. The strong effects of the different constituent bandwidths are clearly seen in the figures, both for the surface and for the bulk layers. Comapring the results in Fig. 1 with those in Ref. [23] , one can see that the general behavior of the ^buik(^) are quite similar to those obtained by Blackmann et al. [23] . This indicates that the present tight-binding theory should give correctly the overall shape of the electronic density of states for the bulk as well as for the surface layers.
(100) Cleaved FCC Lattice
For the (100) fee alloy, Zq = Z\ = 4, and the eighteen coupled equations for the self-energies of the type Aj1 are solved by iteration, again. The electronic density of states Qu{E) is calculated using the formula of Eq. (17). In Figs. 2 and 3 we present the average as well as the local electronic densities of states in the first three layers of the (100) cleaved fee alloys, together with those for the bulk In the present calculation, we neglect electronic charge transfer between the Cu(Ag) and N i(Pd) atoms as in Refs. [12] and [24] , since the Fermi energy of Cu(Ag) and Ni(Pd) are almost the same. This is also confirmed by the fact that by neglecting electronic charge transfer in CuNi alloys, one obtains good agreement between experimental and theoretical results for the bulk electronic density of states [24] . Thus, the Fermi energy Ef of the cleaved alloy is determined by using [12] J {^A ' QbA {E )
where IVNi(Pd) = 9-4 and iVcu(Ag) = 10 electrons. One notices in Figs. 2 and 3 that mainly oLi(E) of the first two layers is affected strongly by the surface; due to the surface Qh (E) and Qm(E) tend to narrow. Here it is interesting to note that this behavior on the Qu(E) is common to the tightbinding models for the cleaved alloys (see Ref. [12] ) and is independent of the inclusion of the offdiagonal disorders. On the other hand, one can see in Fig. 3 that the off-diagonal disorders influence significantly the electronic structures (total d-band width) both for the surface and for the bulk layers. It is the most interesting that the resonance peaks (Lorentzian) for the C 2A2B configuration in Figs. 4 and 5 are located below the adsorbate energy level E c ( = EA> 0). This behavior for the C 2A2B configuration is completely different from others and can not be understood from the general ideas for the adsorbate atom on the pure metal substrate (weak coupling picture of chemisorption) [26] , Following the general ideas of Ref. [26] , the adsorbate resonance peak should be located above E c (if E c > 0), as in the case of the other configura tions. This surprising behavior of the resonance peak for the C2A2B configuration results from the effects of the off-diagonal disorders in the substrate alloys and the hybridization of the energy levels of the adsorbate and substrate atoms E A , E b , and Ec . Therefore, in order to understand the chemisorption behavior on the alloy surface quantitatively, one has to take into account the effects of the offdiagonal disorders.
Electronic Density of States for

Atomic Segregation at the Surface of Binary Alloys
It is the aim of this section to study the surface segregation observed in the alloys like CuNi, AuNi, AgPd, and AgPt alloys [2 -8] , within the frame work of the present theory. In view of the fact that, for instance, the d-bandwidth of Pd is about 80% wider than that of Ag [25] , the effects of the off-diagonal disorder should be included in the theory. In order to investigate whether the atomic segregation occurs or not at the surface, we calculate the heat of segregation AQS. For the dilute binary alloys [15] the surface concentration of the solute, Cs, is related to its bulk concentration, C^, by
Csl( 1 -C») = [Cty(l -Cb)] exV(AQslkT). (23)
If AQS is large and positive, then the surface segregation should occur. Even in the case of the concentrated alloys, the calculation of AQS is useful since it permits us to predict the segregation. Furthermore, the present calculation of AQS is much simpler than the calculation of the layer dependent concentrations C*, based on the Lagrangian multiplier technique [13] .
In order to calculate the heat of segregation AQS, we first investigate the changes in the electronic density of states due to the introduction of the additional B-(or A-) type atom in the surface (or subsurface) layer. The additional atom is regarded as an "impurity atom " in the effective medium of the disordered binary alloys. We assume here that only the local density of states of the atoms within the nearest-neighbour sites of the "impurity atom " are affected by the "impurity atom " . The local density of states for the nearest-neighbour atoms (in the surface layer) of the B-type impurity atom is obtained as
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The average electronic density of states for the nearest-neighbour atoms of the "impurity atom" is thus calculated by
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In the above equations (24) - (28) 
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Therefore, the total changes in the electronic density of states due to the introduction of the B-type "impurity atom " in the surface layer is given by
Aqs(E-B) = (1 -CB) Qib {E) -CA qia (E) + Z0[ef N( E ) -ei(E)]
+ z 1[efI-v (£,)-e n (£ )], where o f f (E) = CA (E) + Cb e?& (E). (33)
The change in the electronic energy AES(B) due to the introduction of the B-type "impurity atom " is thus obtained by the formula: 
AES(B) = f(E -Ef) Aqs(E ; B) dE . (34)
-
Concluding Remarks
We have investigated the electronic structure of alloy surfaces including both diagonal and offdiagonal disorder in the tight-binding Hamiltonian and demonstrated that the off-diagonal disorder can influence significantly the electronic structure. The present method has the advantage that it is capable of treating the general off-diagonal disorder without difficult and extensive numerical calculations. The electronic density of states of cleaved alloys as well as of the bulk alloys are calculated using the first terms in the continued fraction series for the Green's function. The overall shape of the density of states is essentially the same as that obtained by using the much more elaborate method of Ref. [14, 23] . The iterative procedure for obtaining the electronic Green's function is found to work quite well even when off-diagonal disorder is included: After 20 or 30 iterations, the self-energies of the type Ajl converge to the final values.
In addition, we have studied the chemisorption and segregation behavior of cleaved alloys in detail. The parameters are chosen to describe transition metal alloys like CuNi, AuNi, or AgPd alloys. In the calculation of the adsorbate electronic density of states (Ni, Pd, and P t atom chemisorption on the CuNi (100) surface), we have found a new resonance peak for the C2A2B configuration, where the energy of the resonance peak is not directly related to the orbital energy of the adsorpate atom, in contrast to the single atom chemisorption (weak coupling) on the pure metal substrate. The resonance energy is determined, in a rather complicated way, by the hopping integrals ( T a a , T a b , T b b , T a c , and T bc) and the atomic energies (Ea , E b , and Eq) of the substrate and adsorbate atoms. Thus, the offdiagonal disorder in the tight-binding alloy Hamiltonian does play an important role in chemi sorption on alloy surfaces.
The surface segregation behavior of alloys like CuNi (or AuNi) alloys has been studied by calculat ing the heat of segregation AQS, instead of under taking the elaborate calculation based on the Lagrangian multiplier technique [13] . The formula tion for obtaining the heat of surface segregation, AQS, is presented not only because it is numerically simple but also because it can be straightforwardly used to study the segregation of solute at the stack ing faults or grain boundaries, which are very important for the understanding of the mechanical properties of the materials. To our knowledge, this is the first time that a microscopic electronic theory has been used to calculate the heat of segregation AQS. The numerical results of AQS for the CuNi (or AuNi) alloys indicate that the noble (Cu or Au) metal atoms tend to segregate in the surface layer, in agreement with experiments. We have also found that the AQS are strongly influenced by the inclusion of the off-diagonal disorder even when the difference between the band widths of pure A and B metals is approximately 20% of the pure metal bandwidth. Thus, it is concluded that in order to understand the segregation behavior of cleaved alloys quanti tatively, the effect of the off-diagonal disorder has to be included.
The present theory for cleaved alloys can further be used to study the electronic structure of semiinfinite crystals with two dimensional substitutional disorder in the outermost layer as Avell as to investigate the changes in the electronic density of states due to the order-disorder phase transition in chemisorbed layers. Such applications are presented in Appendices A and B, respectively.
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Appendix A
Here, we apply the present tight-binding theory for cleaved alloys to study the electronic structures of the metal surface with substitutional disorder. Recently, several authors [18] [19] [20] have extended the Kalkstein-Soven [17] theory for semi-infinite crystals in such a way that the random distribution of impurity atoms in the surface layer (two dimen sional disorder alloy) can be discussed. These extensions are of great importance for the studies of the surface segregation of dilute alloys [15] [16] , the diffusion behavior of surface impurities into a bulk [27] , and other related surface phenomena. However, the previous Green's function theories are probably incapable of treating the off-diagonal disorders introduced in the outermost layer, since it is difficult to estim ate the effective transfer integrals between the atomic sites in the first layer and those in the second layer. Now, we investigate, within the framework of the present theory, the electronic structure of the metal surface with substitutional disorder including both the diagonal and off-diagonal disorders. The formalism is quite parallel to that for the cleaved alloys in Section 2. In Eqs. (6) -(9), we simply take such that E n A = -E 'h b > ^i i i a == -E i i i b > and Ef>a = Eft# (in the following, B refers to the surface impurities), and obtain the following expressions for the self-energies: For comparison, we have also presented the electronic density of states for the corresponding two-dimensional random alloys. One can see that the coupling effect to the semi-infinite metals on the electronic structures is considerably strong.
Appendix B
In this Appendix, we investigate the changes in the electronic density of states due to the orderdisorder phase transition in chemisorbed layers. In particular, we give the formulation appropriate for the chemsiorption systems such as the (alkali adsorbate)/(noble or transition metal substrate) systems, where the direct interaction between the adatoms plays an important role and the tightbinding approximation may be used [29] . For the illustrative purpose, we consider the chemisorption system with 0 = 1/2, where 0 is the adsorbate coverage and assume that A-type chemisorbed atoms are in the on-site position of the (100) surface of a B-type sc metal. For comparison, we consider two types of the ordered structures, C(2 x 2) and (2 x 1 ) structures.
We now divide the whole chemisorbed system into two sublattices a and ß, such that there are N/2 sites of type a and N/2 sites of type ß. The atomic order parameter r) for the chemisorbed layer is defined as follow s: The self-energies for the substrate layers and those for the types of A*$(ri), Ai*(r]), . . . , are obtained from Equation (3b). Here, it is noted that the approximation on A\] should become better at the adsorbate layer, since the number of neglected paths of the electron hopping processes is smaller than that for the surface layer.
In Fig. 8 we show the electronic density of states of the adatom Qa(E) for the C(2 x 2) and (2 x 1) adlayers as a function of the order parameter rj, with parameters EAa = EAß = 0.1 and 2?ia = Eiß = 0. The energy E is given in units of the half-bandwidth 
